Numerical calculations of enhancement factors offered by dynamic nuclear polarization in solids under magic angle spinning (DNP-MAS) were performed to determine the optimal EPR parameters for a dinitroxide polarizing agent. We found that the DNP performance of a biradical is more tolerant to the relative orientation of the two nitroxide moieties than previously thought. Generally, any condition in which the gyy tensor components of both radicals are perpendicular to one another is expected to have near-optimal DNP performance. Our results highlight the important role of the exchange coupling, which can lessen the sensitivity of DNP performance to the inter-radical distance, but also lead to lower enhancements when the number of atoms in the linker becomes less than three. Lastly, the calculations showed that the electron T1e value should be near 500 μs to yield optimal performance. Importantly, the newest polarizing agents already feature all of the qualities of the optimal polarizing agent, leaving little room for further improvement. Further research into DNP polarizing agents should then target non-nitroxide radicals, as well as improvements in sample formulations to advance high-temperature DNP and limit quenching and reactivity. 
Introduction
Applications of nuclear magnetic resonance (NMR) spectroscopy have always been restricted by the intrinsically low Boltzmann polarization of the nuclear magnetic eigenstates whose energy differences are at the lowest-energy end of the electromagnetic spectrum (i.e. radio frequencies). Consequently, large sample quantities and long acquisition times are needed to acquire the data. Additionally, in many fields such as materials chemistry and heterogeneous catalysis, model systems that approximate the more complex structures of dilute, industrially relevant materials, are often used. Clearly, the sensitivity of NMR spectroscopy needs to be improved in order to tackle the difficult problems related to the structures of such materials. [1] , [2] , [3] , [4] While other conventional means for sensitivity improvement, namely reducing the sample temperature and increasing the magnetic field strength to increase polarization [5] or cryogenically cooling the electronics to reduce noise, [6] have been thoroughly studied and applied, none of these approaches rival the sensitivity improvement afforded by hyperpolarization of nuclear spins. In particular, dynamic nuclear polarization (DNP) is rapidly becoming the hyperpolarization method of choice for NMR spectroscopy due to its ease of implementation and the generality of the technique. [7] , [8] , [9] , [10] In a typical magic-angle spinning (MAS) DNP NMR experiment, [10] , [11] , [12] , [13] the sample is first impregnated with a stable radicalcontaining solution; then, high-power microwaves, usually produced using a gyrotron, [14] , [15] irradiate the sample near the electron Larmor frequency to transfer the high electron polarization to the nuclear spins. These experiments are typically performed at temperatures near 100 K. In theory, NMR sensitivity enhancements equaling the ratio of the electronic and nuclear magnetogyric ratios (γe/γn) can be obtained, corresponding to ~660 and ~4850 for 1 H and 17 O,
respectively, yet our abilities to reach such large enhancement factors have been limited by the intrinsic inefficiencies of the polarization transfer, stemming largely from the properties of radical polarizing agents.
The vast majority of DNP polarizing agents currently in use are nitroxide-based. These molecules are able to efficiently transfer the electron polarization to the nuclei through the fundamentally allowed mechanism referred to as cross-effect. [16] In spinning samples, the crosseffect occurs through three separate rotor events. [17] , [18] First, the EPR transition of a given radical is saturated by microwave radiation during a microwave event, which occurs when an electron is on resonance with the microwave frequency. This saturation can be then transferred to the second electron during a dipolar event when the two electrons are on resonance with one another. Lastly, a cross-effect event occurs when the rotor reaches a point where the two electrons of the biradical molecule have EPR transitions that are separated in energy by the Larmor frequency of a hyperfine-coupled nuclear spin. At this condition, a cross-effect event can occur involving the simultaneous flip of the two electrons and the nuclear spin, leading to the hyperpolarization of the nuclear spin. This process is allowed to take place in nitroxides because their electron g-anisotropies are similar in magnitude to the 1 H Larmor frequency. [16] Since the seminal work of Hu and co-workers, [19] who demonstrated that the efficiency of the cross-effect could be greatly improved by tethering two nitroxides together, the development of improved DNP polarizing agents has shown an impressive growth. [20] , [21] The first major improvement was in the synthesis of the water-soluble dinitroxide TOTAPol, [22] which is compatible with biological formulations. Matsuki and co-workers subsequently demonstrated that DNP efficiency could be further improved using a rigid linker that fixes the two nitroxides' g tensors in a perpendicular orientation. [23] , [24] , [25] Zagdoun et al., as well as Sauvée et al., then showed that the use of large-molecular weight dinitroxides further improves DNP by increasing the electron spin-lattice relaxation times (T1e). [26] , [27] , [28] The lengthening of T1e can similarly be achieved by deuterating the biradical molecule; however, this also leads to longer DNP build-up times. [29] , [30] Recently, Griffin's group has presented trityl-TEMPO biradicals, coined TEMtriPols, in which the trityl radical is most easily saturated due to its low g anisotropy, leading to an improved DNP efficiency, particularly at high magnetic fields. [31] , [32] The most popular polarizing agents currently in use, TEKPol [28] and AMUPol, [27] yield 1 H enhancement factors that surpass 200 at a field of 9.4 T, although improved versions of both polarizing agents have been recently presented, offering the enhancement factors that approach the theoretical maximum. [30] , [33] , [34] Notably, it has also been demonstrated that the TEKPol and
AMUPol biradicals are capable of yielding enhancement factors of up to 515 and 363 at 100 K, respectively, in standard solutions that are doped with sapphire crystals. [35] It is thought that the inclusion of these macroparticles locally amplifies the microwaves, thus leading to the greater DNP performance. [35] , [36] Although numerous groups are actively developing improved dinitroxides for DNP applications, the maximum fundamental DNP efficiency of these dinitroxides is unknown and it is unclear whether they can still be meaningfully improved. Synthetic searches for better performing polarizing agents are costly and could be accelerated by proper computational modeling. In silico biradical trials could ideally be performed prior to the synthesis of a radical to ensure further progression of the field.
Fittingly, Thurber and Tycko, [17] , [18] , [37] and Mentink-Vigier et al., [38] , [39] , [40] who have developed our modern theoretical understanding of MAS-DNP, as well as Mance et al. [41] have recently developed computational approaches to simulating the MAS-DNP process quantum mechanically in small spin systems. In principle, these computational tools can be used to predict the efficiency of a given biradical, assuming that its EPR parameters are either known, or can be approximated, with reasonable accuracy. [41] An alternative approach would be to determine the optimal EPR parameters belonging to the ideal dinitroxide polarizing agent and to use these results to guide subsequent synthetic work. Here, we demonstrate such an approach, using the software developed by Mance and co-workers [41] to determine the EPR parameters of the hypothetical ideal dinitroxide and estimate how much improvement can be expected from this polarizing agent compared to those currently in use.
Results and Discussion
The software developed by Mance and co-workers [41] calculates the steady-state DNP enhancement of a rotating spin system in Hilbert space. The Hamiltonian describing a three-spin system, consisting of two electrons and a nucleus, experiencing continuous-wave microwave irradiation in a magnetic field can be written as follows: 2)
In this Hamiltonian, which is defined here in the microwave rotating reference frame, Δωa,b corresponds to the difference between the Larmor frequency of the electron labeled a or b and the frequency of the microwave irradiation, with a field strength of ω1. Note that for dinitroxides, the optimal microwave frequency is known to occur near the gyy tensor component. The electron frequencies are calculated from the g tensor and its orientation in the magnetic field. The orientation of electron b's g tensor is related to that of the first with another set of Euler angles (α, β, γ). ωn is the nuclear Larmor frequency, D and Jex are the electron-electron dipolar and exchange coupling constants, respectively, and Aij describe the electron-nuclear hyperfine interaction. The relaxation behavior is included by directly relaxing the state populations, in Hilbert space, with rates corresponding to the nuclear and electronic spin-lattice relaxation rates (f/T1e,n) where f is the Boltzmann factor. The electron and nuclear coherences are relaxed with their respective transverse relaxation rates (1/T2e,n).
The evolution of the density matrix is calculated, over a single rotor period, by separating the evolution propagator U(tR) into a large number (M) of short time steps:
The same propagator is then reused to calculate the density matrix at time NtR:
as well as the steady-state density matrix (N→∞). The nuclear state populations and, consequently, the enhancement factor (εcalc.), are calculated from the density matrix by evaluating the eigenvalue of the nẑ S operator, eq nz,
Note that the equilibrium population is used in the calculation of the enhancement factors which compensates for the presence of depolarization effects that affect experimental DNP measurements.
[37], [40] As is evident from equation 1, numerous factors can influence the efficiency of a given polarizing agent. The magnitude of the g tensors impacts the efficiency of the saturation of the EPR line. [28] The dipolar (D) and exchange (Jex) couplings between the two radicals, as well as the hyperfine coupling between the radical and the nucleus (Azz), mediate the three-spin crosseffect. Lastly, the orientation between the g tensors of the two radicals determines the commonness of the cross-effect events and has a strong impact on the DNP efficiency. [42] Implicit in the analysis is the fact that the longitudinal relaxation time of the electron (T1e)
determines the frequency at which a radical can be saturated. A longer coherence lifetime of this state (T2e) is beneficial to ensure that more molecules participate in both rotor events responsible for cross-effect DNP under MAS conditions. [17] , [28] Luckily, a large nine-parameter optimization does not need to be performed to properly sample the parameter space since many of the parameters are either constant, such as the g tensor magnitudes, or operate during different parts of the rotor period [39] , [43] and thus can be probed independently of each other. For example, the relative orientation the two g tensors only affects the timings of the different rotor events while the hyperfine coupling and the D, and Jex values, which are also correlated, [44] affect the amount of polarization that is transferred during the rotor events. These rotor events are very short and thus relaxation has its main influences in between these rotor events. In fact, recent simulations that treat the calculation of the positions of the rotor events, the polarization that is transferred (through the Landau-Zenner formula), and the relaxation during entirely separate time periods reproduce the exact results quantitatively. [43] Additionally, optimizing the hyperfine coupling strength would make no chemical sense since in reality a polarizing agent is tasked with hyperpolarizing a large number of nuclei with vastly different hyperfine coupling constants. Its value can therefore be fixed to 0.08 MHz, corresponding to a spin situated outside the spin diffusion barrier. [41] Lastly, experimental studies have shown that the spin-spin relaxation time T2e reaches a plateau near 2.5 μs in concentrations of relevance to DNP applications [33] and thus only T1e needs to be searched.
Consequently, our numerical analysis focuses on optimizing the relative orientation of nitroxides, the inter-radical distance, and the electron spin-lattice relaxation time, T1e.
Optimal Relative Orientation of Nitroxides
We first calculated the DNP enhancement factor ε as a function of the relative orientation of the two nitroxide centers. The previously reported electron relaxation times [41] as well as exchange (43 MHz) and dipolar (53 MHz) coupling strengths [45] , [46] from AMUPol were used for the calculation. The g tensor was set to gxx = 2.006, gyy = 2.0021, and gzz = 2.0092, corresponding to a nitroxide spin, [47] , [46] and the MAS frequency was fixed at 8 kHz; other experimental parameters used in the simulations are described in Computational Details below.
Powder averaging was performed over all three Euler angles using a set of 343 orientations of the g tensor with respect to the laboratory frame. In the calculations, the relative orientation of the two g tensors of the nitroxides is specified by the Euler angles (α, β, γ) using the ZYZ convention. [48] Namely, rotations were first performed along gzz by α, followed by subsequent rotations along the new gyy and gzz directions by β and γ, respectively. Chemically speaking, the z axis of a nitroxide is situated perpendicularly to the plane containing the N and its three substituents, while the x axis is aligned along the N-O bond (see Figure 1 ). As can also be seen in Figure 1 , the 'favored' orientation from the bTbK radical corresponds to α = β = γ = 90°. [23] A number of other orientations are also depicted. The predicted steady-state DNP enhancement factor (εcalc.) was calculated as a function of α and β, each of which was incremented in 18° steps from 0° to 180° for γ values of 0°, 30°, 60°, 90°, 120°, and 150°. As anticipated from previous experimental studies, [24] the DNP enhancement varies considerably from <40 to 215 as a function of the relative orientation of the two nitroxides (see Figure 2) . Surprisingly, however, the maxima in ε are extremely broad which suggests that a very precise setting of the relative orientation of the two nitroxides is largely unnecessary. Earlier work by Mentink-Vigier suggested that such insensitivity to the g tensor orientations may be found. [39] The improvement in the enhancement factor that can be obtained by further tuning the relative orientation of the two nitroxides from the abovementioned bTbK orientation [23] is then minimal (< 10%). AMUPol's conformation in solution is unknown and thus it is unclear whether its DNP performance can be improved by altering the orientations of the nitroxide moieties. Each plot of the enhancement against α and β ( Figure 2 ) also seems to have its broad maximum crossing at α = β = 90° with a slope of approximately: 90°-γ. The existence of such a broad maximum is particularly surprising given that it is believed that the optimal DNP performance will occur when the gyy tensor component of one radical is oriented parallel to gzz of the other. [21] , [23] , [42] In fact, it appears that the exact orientation of the two radicals' g tensors is irrelevant so long as the gyy components of each nitroxide are oriented perpendicularly to one
another. This can be understood, since the microwave irradiation is conventionally applied approximately at the frequency of gyy, for optimal performance, and most orientations where the gyy component of one spin is aligned perpendicularly to the gyy component of the other spin can satisfy the cross-effect condition by the rotation of the sample. The importance of the perpendicularity of the gyy components is clearly demonstrated by plotting the scalar product of the y unit vector with a rotated y vector ( rot y y   ⋅ , Figure 3 ). These plots nearly completely reproduce the data from Figure 2 , with the exception of the fine structure which originates from the slightly higher, or lower, probability of the cross-effect events occurring for a given orientation. 
Optimal Linker Length
Next we sought to determine the optimal inter-radical distance of TEMPO-based molecules. Although numerous studies have shown that the ε value increases as a function of the dipolar coupling between the radicals, [17] , [39] , [41] from a chemical standpoint these results are of little use since an increase in dipolar coupling would be accompanied by an exponential increase in exchange coupling. [44] Figure 4a ), [49] including bTurea (the AMUPol framework). [45] The data show that the size of Jex dominates the dipolar coupling once the linker is three atoms or fewer in length, limiting the impact of further increases in dipolar coupling.
Note that the size of Jex depends intimately on the types of atoms in the linker, which can offer a synthetic control over its size. 
<40
N/A a The dipolar coupling constant is approximated from a typical inter-nitrogen distance assuming no motion; there would of course be some variability depending on the exact linker and the conformation of the molecule; therefore, only an upper limit is given here.
b Note that the exchange coupling can be remarkably strong over long distances if the linker is conjugated; these linkers are not considered here.
c AMUPol has 3 linker atoms. d TEKPol has 5 linker atoms.
We have calculated the DNP enhancement factor as a function of the number of linker atoms using dipolar coupling constants as well as different values of Jex in the ranges listed in Table 1 . These data are tabulated in Table 2 . Generally, in agreement with previous theoretical work [39] , [46] as well as the experimental work of Mathies and co-workers for TEMTriPols, [32] the highest DNP performance is achieved when the exchange coupling is in the range of 40-100
MHz. It is important to note, however, that these simulations are performed using an applied magnetic field strength of 9.4 T and that the effect of Jex on the DNP performance is expected to be magnetic field-dependent. [32] In contrast to previous theoretical work which focused on increases in dipolar coupling, [17] we see only a very minor dependence of the enhancement factor on the linker length when exchange coupling is taken into consideration, assuming the optimal Jex value is used for the corresponding linker length (see Figure 4 and Table 2 ). It is therefore unlikely that any increase in DNP performance could be obtained by further shortening the linker, or by changing its form in the case of AMUPol. Given that that TEKPol is believed to have zero Jex, [30] however, it may be possible to improve its performance by modifying the linker in order to increase the exchange coupling to approximately 50 MHz. only chemically-reasonable Jex values [49] were used (see Tables 1 and 2) . A line is added as a visual guide. α, β, and γ were all set to 90° for these calculations.
Optimal Relaxation Time
The last remaining factors that may influence the performance of a dinitroxide for crosseffect MAS-DNP are the relaxation times of the electrons (T1e and T2e). Researchers are now targeting radicals that are expected to possess increased relaxation times because slower relaxation enables a larger saturation factor to be obtained and increases the fraction of spins that can participate in both rotor events involved in cross-effect DNP. This has been done, for example, by preparing larger, more rigid, biradicals and by isotope labelling. [28] , [29] Zagdoun and co-workers, [28] as well as Sauvée and co-workers, [33] have measured the T1e
and T2e values in series of radicals belonging to the bTbK and bTurea families, respectively.
Their data show that, when using a 10 mM biradical concentration, the T2e value is correlated to the T1e value at short relaxation times (T1e being c.a. 30 times larger) but that the T2e value reaches a plateau at c.a. 2.5 μs. We have therefore opted for keeping the value of T2e constant (at 2.5 μs) and have calculated the steady-state DNP enhancement factor as a function of T1e, using the same 3-spin quantum model and set of parameters as in the simulations shown earlier in Figure 2 , with α = β = γ = 90°. As can be seen from the data in Figure 5 , as the T1e value is increased, the DNP enhancement factor increases dramatically until a plateau is reached when T1e > 1 ms. The absence of a well-defined maximum in this case is a product of the principal approximation used in the simulation model, namely the simple 3-spin quantum mechanical model does not account In order to correct for the fact that each biradical molecule must polarize many spins, we have opted to correct the calculated DNP enhancement factors using a simple kinetic model. If we assume that the radical is continually transferring its polarization (P) to the nuclei, then the polarization transfer rate would be equal to (T1eNspins) -1 , where Nspins is the total number of spins that a biradical molecule needs to polarize. Simultaneously, polarization is lost at a rate of (T1n) -1 through the spin-lattice relaxation of the nuclei. At the steady state (P(∞)), these two processes must have an equal rate:
Thus, the corrected calculated DNP enhancement factor is given by: 
The corrected calculated DNP enhancement factors are also plotted in Figure 5 . As can be seen, when the electron relaxation is faster than the nuclear relaxation, the corrected enhancement factors equal those of the 3-spin model while these strongly deviate when the electron T1e is of a similar magnitude to the nuclear relaxation time. The corrected calculated enhancement factors show a clear maximum performance for a T1e of 500 μs, when a radical concentration of 10 mM is used for a 90:10 D2O:H2O solution. Interestingly, Sauvée and co-workers synthesized an AMUPol derivative, named TetraPEG, with a remarkably long T1e value of 1195 μs. [33] This radical showed a lower DNP efficiency than AMUPol and their best performing biradical, PyPolPEG2OH, which has a T1e value of 691 μs. PyPolPEG2OH is notably the only DNP polarizing agent that has yielded a DNP enhancement factor surpassing 300 without the incorporation of dielectric particles. It is likely that this biradical already has near-optimal relaxation properties for a dinitroxide polarizing agent and that further improvement is impossible. It may nonetheless be possible to further improve TEKPol, which is mostly used in materials science, by lengthening its electron spin-lattice relaxation time.
Instead of the kinetic model presented here, which provides the physical upper limit in hyperpolarization in the presence of relaxation, various groups have applied kinetics-based spin diffusion models to calculate the dissipation of hyperpolarization into a protein, [50] mesoporous material, [51] or microcrystal. [52] Importantly, on the length scales discussed here, spin diffusion distributes the polarization in the solution quite homogeneously. These models tend to reproduce the effects of the finite nuclear relaxation times but assume that the hyperpolarization builds-up instantaneously, which fails to reproduce the effects of electron relaxation. Importantly, however, Mentink-Vigier has very recently applied a similar model, with discrete spins that are hyperpolarized quantum mechanically in real time, in order to simulate the DNP process in systems consisting of hundreds of spins.
[43]
Conclusions
We performed an extensive search for the optimal EPR parameters belonging to a biradical polarizing agent. Our simulations focused on optimizing the factors that can be altered by fine-tuning the chemical structure of the polarizing agent such as the orientation of the radicals, the length of the linker, and the size and rigidity of the molecule (which affects the electron relaxation times). We discovered that the newly synthesized PyPolPEG2OH [33] polarizing agent has nearly-optimal EPR parameters in all of these categories and thus it is unlikely that meaningful improvements over this polarizing agent will be obtained in the future.
Research into better performing polarizing agents should then focus on: (1) the synthesis of new polarizing agents having narrow EPR lines, such as trityl radicals [32] , [53] and paramagnetic metal centers, [54] , [55] , [56] and (2) biradical formulations that minimize sample quenching as well as the reactions between the polarizing agent and the material.
[57], [58] , [59] Computational Details
All calculations were performed using the software developed by Ivanov and coworkers. [41] All of the reported DNP enhancement factors were calculated at a magnetic field strength of 9.394 T and a temperature of 100 K, with continuous wave irradiation at a frequency of 263.45 GHz with strength of 850 KHz. The sample rotation frequency was set to 8 kHz and the g tensor was fixed to gxx = 2.006, gyy = 2.0021, and gzz = 2.0092. In all cases, the propagator over one rotor cycle was calculated by separating the time evolution into 1 ns increments. For the data presented in Table 2 and Figure 4 , this increment was reduced to 100 ps in order to ensure a proper conversion, with rapid oscillations occurring from the larger coupling strengths.
In all cases the values of T1n and T2n were set to 2 s and 1 ms while the values of T1e and T2e were set to 50 μs and 0.7 μs, unless stated otherwise. The data shown in Figure 2 were calculated using D and Jex values of 53 and 43 MHz, while subsequent calculations used values of 50 MHz for both. The hyperfine coupling strength was always set to 0.08 MHz, which corresponds to the border of the spin diffusion barrier. In total, of 343 crystal orientations were used for the powder averaging (7 for all three Euler angles).
Table of Contents Entry
What is the best dinitroxide? Extensive calculations of MAS DNP enhancements are performed as a function of the geometry and relaxation properties of a dinitroxide. The parameters for the "optimal" dinitroxide and determined and the impact these results have on the design of next-generation polarizing agents are discussed.
